The respiratory syndrome caused by a new type of coronavirus has been emerging from 2 China and caused more than 1000 death globally since December 2019. This new virus, 3 called 2019 novel coronavirus (2019-nCoV) uses the same receptor called Angiotensin-4 converting enzyme 2 (ACE2) to attack humans as the coronavirus that caused the severe 5 acute respiratory syndrome (SARS) seventeen years ago. Both viruses recognize ACE2 6 through the spike proteins (S-protein) on their surfaces. It was found that the S-protein 7 from the SARS coronavirus (SARS-CoV) bind stronger to ACE2 than 2019-nCoV. 8 However, function of a bio-system is often under kinetic, rather than thermodynamic, 9 control. To address this issue, we constructed a structural model for complex formed 10 between ACE2 and the S-protein from 2019-nCoV, so that the rate of their association 11 can be estimated and compared with the binding of S-protein from SARS-CoV by a 12 multiscale simulation method. Our simulation results suggest that the association of new 13 virus to the receptor is slower than SARS, which is consistent with the experimental data 14 obtained very recently. We further integrated this difference of association rate between 15 virus and receptor into a mathematical model which describes the life cycle of virus in 16 host cells and its interplay with the innate immune system. Interestingly, we found that 17 the slower association between virus and receptor can result in longer incubation period, 18 while still maintaining a relatively higher level of viral concentration in human body. Our 19 computational study therefore provides, from the molecular level, one possible 20 explanation that the new disease by far spread much faster than SARS. 21 22 23 24 25 26 27 2
Introduction
The coronavirus disease 2019 has emerged at the end of year 2019 nCoV [6] . Therefore, it is reasonable to hypothesize that the new coronavirus uses the 1 similar binding interface with ACE2 as SARS to enter host cells of human. The obvious 2 follow-up questions are: whether the 30% variations in sequences between S-protein of 3 2019-nCoV and SARS can cause any difference in their binding to ACE2? Moreover, 4 does this difference lead into any functional impacts on the life cycles of these viruses in 5 host cells? 6 Comparing with the time-consuming and labor-expensive experimental studies, 7 computational modeling serves as an ideal alternative approach to carry out fast tests on 8 biological systems under the conditions that are currently inaccessible in the laboratory 9 [20] [21] [22] [23] [24] [25] [26] . Therefore, here we developed a multiscale computational strategy to compare 10 the process of recognition between the SARS-CoV and host cells with the interactions 11 between the new coronavirus and host cells. A mesoscale model is used to simulate the 12 process in which the coronaviruses are captured by ACE2 receptors on cell surface. We 13 further constructed a structural model for complex formed between ACE2 and RBD of 14 2019-nCoV S-protein, so that the rate of their association can be estimated by a coarse-15 grained Monte-Carlo simulation and further compared with the binding of S-protein from 16 SARS-CoV. Our simulation indicates that association of the new virus to the receptor is 17 slower than SARS, which is consistent with the experimental data obtained very recently. 18 We integrated this difference of association rate between virus and receptor into a simple 19 mathematical model which describes the life cycle of virus in host cells and its interplay 20 with the innate immune system. Interestingly, we found that the slower association 21 between virus and receptor can result in longer incubation period, while still maintaining 22 a relatively higher level of viral concentration in human body. Our computational study 23 therefore explains, from the molecular level, why the new COVID-19 disease is by far 24 more contagious than SARS. In summary, this multiscale model serves as a useful 25 addition to current understanding for the spread of coronaviruses and related infectious 26 agents.
27

Results and Discussions
28
A rigid-body (RB) based model is first constructed to simulate the kinetic process 29 about how viruses are captured by the cell surface receptors on plasma membrane. In brief, within a three-dimensional simulation box, the plasma membrane is represented by 1 a flat surface below the extracellular region. The area of the square is 1 µm 2 , while the 2 height of the simulation box is 500 nm. A number of ACE2 receptors (200) are initially 3 placed on the membrane surface (pink in Figure 1a ). They are represented by rigid 4 bodies of cylinders and their binding sites are located on top of the cylinders (red dots in 5 Figure 1a ). The height of each cylinder is 10nm and its radius is 5nm. On the other hand, 6 space above the plasma membrane represents the extracellular region. A number of 7 coronaviruses are located in this area (golden in Figure 1a) . Each virus is simplified as a 8 spherical rigid body with a given radius (40nm). Trimeric S-proteins are uniformly 9 distributed on the spherical surface of each virus (green dots in Figure 1a ). Each S-10 protein can interact with an ACE2 receptor on plasma membrane. After any S-protein on 11 one virus forms an encounter complex with a receptor, we assume that the host cell is 12 captured by the virus. The dissociation between the virus and the receptor is not 13 considered in the system, because we also assume that, after the association between S-14 protein and ACE2, the virus can enter the cell through membrane fusion. Following the 15 initial random configuration, the diffusion of receptors and viruses, as well as their 16 association, were simulated by a diffusion-reaction algorithm until the system reached 17 equilibrium. The detail process of the simulation is specified in the Methods. 18 Before the rigid-body simulation, in order to provide a more realistic estimation 19 on the binding between ACE2 and different coronaviruses, we specifically compared the 20 S-protein from 2019-nCoV with the S-protein from SARS. We applied our previously 21 developed residue-based kinetic Monte-Carlo (KMC) method to simulate the associate 22 processes of these two systems. In detail, the atomic coordinates of the complex between 23 human ACE2 and the RBD domain from the S-protein of SARS are taken from the PDB 24 id 2AJF [17] . In parallel, the structural model of the complex between human ACE2 and 25 the RBD domain from the S-protein of 2019-nCoV was computationally constructed, 26 following the procedure described in the Methods. The structural comparison of these 27 two protein complexes is shown in Figure 1b . For both systems, 500 trajectories based 28 on their complex structures were generated by the KMC simulation which algorithm is 29 specified in the Methods. In the initial conformation of each trajectory, S-protein and 30 receptor were separated and placed with a random position relative to each other in which the distance between their binding interfaces is fallen within a given cutoff value d c of 20 1 Å. At the end of each trajectory, receptor and viral protein either form an encounter 2 complex through their binding interface observed in the complex structure, or diffuse 3 away from each other. Based on the simulation results collected from all the 500 4 trajectories, we counted how many times an encounter complex can be formed by the end 5 of the simulation time, which gives the probability of association. As a result, the 6 comparison of calculated probabilities of association for both systems is plotted in Figure   7 2a. 8 The figure shows that probability of association between ACE2 and the S-protein 9 from 2019-nCoV is remarkably lower than the probability of association between ACE2 10 and the S-protein from SARS. Specifically, among the 500 simulation trajectories of 11 SARS system, we found that 8 of them successfully formed encounter complexes, while . Using surface plasma resonance (SPR), they showed that the association rate k a 18 of binding between 2019-nCoV RBD domain and ACE2 equals 1.36×10 5 M -1 s -1 , while the 19 rate between SARS RBD domain and ACE2 equals 3.62×10 5 M -1 s -1 . Therefore, the 20 experimental evidence indicated that the association of the S-protein from SARS to the 21 receptor is about three times faster than the association of the S-protein from 2019-nCoV, 22 which is quantitatively consistent with our simulation results. 23 We then fed the information derived from the structure-based simulations into the 24 rigid-body model. Two specific simulation systems were compared. A relatively fast rate 25 of association between receptors and S-proteins on viral surfaces was adopted in the first 26 system to represent the binding process of SARS, while a relatively slow rate of 27 association between receptors and S-proteins on viral surfaces was adopted in the second 28 system to represent the binding process of 2019-nCoV. All the other parameters such as 29 diffusion constants and concentrations in both systems remain the same. As a result, the total numbers of viruses that were captured by host cells are plotted in Figure 2b as a 1 function of simulation time. Without surprise, the figure shows that although almost all 2 viruses were attached to the cell surfaces by the end of both simulations, the kinetic 3 process in the SARS system is much faster than the 2019-nCoV system, which is resulted 4 from the difference in the association rate between receptors and their corresponding S-5 proteins. This leads into the fact that during the early stage of simulations, more SARS 6 viruses attach to host cells than 2019-nCoV. For instance, when the simulations in both 7 systems reached the first 10 5 nanoseconds, there have already been more than 40 SARS 8 viruses attached to the cell surfaces. In contrast, there were less than 20 viruses attached 9 to the cell surfaces within the same amount of time in the 2019-nCoV system.
10
Considering that the function of a bio-system is often under kinetic, rather than 11 thermodynamic, control [28, 29] , we suggest that this time-dependent behavior is 12 biologically more relevant. In reality, not all the viruses have the opportunity to find their 13 target receptors on host cells. Many of them will be recognized and removed by our 14 innate immune system. Therefore, the capability of how fast a specific type of 15 coronavirus can target its receptors is especially critical to the process of its invasion, as 16 well as the follow-up stages in its life cycle.
17
In order to further explore the impacts of our rigid-body simulation results on the RNA are further packaged together as [P] in cytoplasm and finally escape from infected 28 cells. On the other side, in order to avoid viral spread, our innate immune system triggers 29 inflammatory signaling pathways in the infected cells [30] . For instance, the viral RNAs can be detected by RIG-I-like receptors (RLRs) [31] . The RNA binding of RLRs receptors initiates the signaling cascade by interacting with the mitochondrial antiviral-1 signaling (MAVS) protein [32] . The aggregation of MAVS on the surface of 2 mitochondria will trigger the NF-κB signaling pathway that turns on gene expression of 3 specific cytokines [S] to stimulate the inflammatory responses [33, 34] . The inflammation 4 of host organism leads to the apoptosis of infected cells and the removal of virus by 5 recruited immune cells such as microphages. In summary, the change of concentration for 6 each variable in above system can be described by following set of ordinary differential 7 equations (ODE).
15
Equation (1) 
Methods.
12
Given predefined weights for all the simulation parameters and the initial values is also longer than SARS, our simulation gives the insights about why COVID-19 is more 20 contagious and spread faster than SARS [11] . Finally, when both simulations came to 21 their third phases, we found that the total amount of virus of SARS is higher than 2019-
22
nCoV. This gives possible explanation about why the symptoms in most COVID-19 23 patients are relatively mild and not as severe as the symptoms in SARS patients [35] .
24
In summary, it is important to point out that the life cycles of different 25 coronaviruses can also be caused by many other factors such as the difference in the The recent outbreak of COVID-19 has drawn substantial attention especially after 5 it spread to more than thirty countries and became a Public Health Emergency of 6
International Concern (PHEIC) [2, 36, 37 ]. The disease is caused by a new type of 7 positive-stranded RNA virus, known as 2019-nCoV. Similar as the coronavirus that leads 8 to SARS, it has been confirmed that the S-protein in 2019-nCoV also mediates its 9 recognition with the human receptor ACE2. However, the differences of receptor binding 10 in these two virus systems and their underlying implications are not well understood. It
11
has been found that the kinetic aspect of binding between biomolecules in many complexes is plotted in Figure 1b . procedure will be repeated until it reached the maximal time duration. This method was 28 applied to study the association between ACE2 and both S-proteins from the two virus 29 systems. For each system, 500 trajectories are carried out. Each trajectory starts from a relatively different initial conformation, but the initial distances between the binding 1 interfaces of S-proteins and receptors in all trajectories are below 20Å. The probabilities 2 of association were then derived and compared based on counting how many encounter 3 complexes formed among these trajectories in the two systems.
4
Model the cellular attachment of coronavirus by rigid-body diffusion-reaction algorithm 5
As described in the Results, a rigid-body (RB) based model is constructed to 6 simulate the binding between coronaviruses and cell surface receptors ACE2 on plasma 7 membrane. Given the model representation and a randomly-generated initial 8 configuration (Figure 2a) , the dynamics of the system is evolved by following a 9 diffusion-reaction algorithm [43] [44] [45] . Viruses or receptors are selected by random order predetermined cutoff value. The probability to trigger the association is determined by 20 the association rate, which was estimated by the kinetic Monte-Carlo method described in 21 the previous section. Assuming that viruses can enter the cell through membrane fusion 22 after they associate with ACE2, the dissociation between the virus and the receptor is not 23 considered in the system. Finally, as above diffusion-reaction process iterates in both
24
Cartesian and compositional spaces, the system will finally reach equilibrium.
25
Solve the ordinary differential equations of viral life cycle by stochastic simulations 26
We use the stochastic simulation algorithm (SSA) developed by Gillespie to 27 model the processes of biochemical reactions from equation (1) to equation (7) [46]. The
28
algorithm starts from the initiation of time and populations of each species in the simulation system. Within each simulation step, the rates for all reactions are re-estimated 1 by the given parameters and updated population of corresponding species. One of these 2 reactions is then randomly selected based on the calculation of their relative weights. is specified on the right. The system can further be described by a set of ordinary 28 differential equations, as written from Equation (1) to Equation (7) in the main text. figure suggests that the dynamics of the system can be divided into three stages (a). We 4 further applied the model to two comparative systems. A relatively fast viral binding rate 5 k b was adopted in the first system to represent the binding process of SARS, while a 6 relatively slow rate was adopted in the second to represent the binding process of 2019-7 nCoV. As shown in (b), we found that the first stage in the simulation of 2019-nCoV (red 8 curve) is longer than the simulation of SARS (black curve), while the level of free virus 9 at the end of the first period in 2019-nCoV is relatively higher than the corresponding 10 level of free virus in SARS. 
